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SUMMARY 
A photoelastic investigation was conducted on scaled models of the Algol IIA 
and IIB rocket engine nozzles to  determine p r e s s u r e  and tempera ture  s t r e s s e s ,  to 
compare  theory with experiment ,  and to obtain a physical understanding of the s t ruc -  
t u ra l  behavior of the nozzle. Both two and three-dimensional  models were  employed 
in  which the Young's modulus ra t io  of the prototype l i ne r /  reinforcement combination 
was  retained. 
The ma jo r  resu l t s  w e r e  the low s t r e s s e s  observed in  the three-dimensional 
nozzle model under internal  p re s su re  applied to the entrance cone and extending down- 
s t r e a m  as far as the throat.  
s u r e )  was  not observed to exceed 3 ,  whereas the AGC theoret ical  analysis  showed 
values  as la rge  as 70. 
may be t raceable  to  the section propert ies  of the nozzle assumed by AGC. 
ren t  investigation indicated a significant depar ture  f r o m  the AGC values.  
data c lear ly  indicated that the nozzle exhibits orthotropic behavior in the sense that 
the rad ia l  and longitudinal s t i f fnesses  differ widely. Also, qualitative data indicate 
the possibility that bond cementing problems could be an  important  factor  in  proto-  
type design. 
The largest  ra t io  of a/p (induced s t ress /appl ied  p r e s -  
An explanation of this discrepancy was  sought, pa r t  of which 
The c u r -  
In fact ,  the  
Two-dimensional models were  employed to de te rmine  the relation between 
bending moment and s t r e s s  throughout a longitudinal section of the nozzle. 
per imenta l  data agreed  well  with the predictions of e lementary composite beam theory 
generated for  this purpose.  
that the maximum thermal  s t r e s s e s  i n  the nozzle would be expected a t  the ear ly  s tages  
of f i r ing (within 10 seconds a f t e r  ignition, according to  the tempera ture  da ta  provided 
by Aerojet-General) .  These would be more  than double the s t r e s s e s  reported by AGC 
at 45 seconds.  
The ex-  
Photothermoelastic investigations (2D) demonstrated 
A f t e r  discussing those resu l t s  in detai l ,  the repor t  concludes with a recom- 
mendation fo r  a new design concept which could lead to a significant improvement in 
the s t ruc tu ra l  efficiency of the nozzle. 
v i i  
A PHOTOMECHANICAL INVESTIGATION O F  THE 
ALGOL SOLID PROPELLANT ROCKET MOTOR NOZZLE 
1. General  Introduction 
A. PUrDOSe of Pro iec t  
The Algol IIA engine nazzle was fabricated by the Aerojet-General  Corporation 
(AGC) fo r  the Scout rocket.  
that  engine nozzle a redesign version, the Algol IIB, has  supplanted the IIA. 
to a s s e s s  the role of s t ruc tura l  behavior as a possible contributor to the problems in 
the IIA (which m a y  have been related to bonding difficulties a t  the joints of the non- 
metal l ic  components),  and to determine the s t ruc tura l  soundness of the IIB, a project  
consisting of two and three-dimensional photomechanical model investigations and 
theoret ical  comparisons was initiated a t  ARA with the purpose of evaluating p r e s s u r e  
and tempera ture  s t r e s s e s  in the prototype nozzle. 
p ro jec t ,  the progress  of which w a s  depicted in monthly s ta tus  repor t s .  
Because of problems which a r o s e  in the performance of 
In o r d e r  
This i s  the final repor t  on that  
B. Broad Outline of Pro iec t  
Through discussions with NASA the scope of the program was  crystal l ized a t  
The major  goal was acquisition of data pertinent to  the prototype IIB engine 
In o r d e r  to a s s u r e  relevance of  the model data to the prototype s t ruc tu ra l  
A R A .  
nozzle. 
performance i t  was necessary  to retain the Young's modulus rat io  of the non-metall ic 
nozzle/  s tee l  reinforcement combination. 
epoxy shel l /magnesium reinforcement system. 
information f r o m  the magnesium reinforced region of the three-dimensional  model  
of the IIB, i t  was necessary  to develop intr icate  fo rms  of the relatively new bonded 
polariscope technique. 
of both the IIA and IIB nozzles,  supplementary studies w e r e  conducted on two-dimen- 
sional models of the longitudinal cross  sect ions of the nozzles to evaluate the relation 
between internal  moment and local  s t r e s s ,  to determine the cha rac t e r  of t he rma l  
stress fields induced by a temperature  t rans ien t  applied to the throa t ,  and to a sce r t a in  
the nature  of the s t r e s s e s  induced by local  p r e s s u r e  loads.  
specific data on the nozzle responses ,  these studies w e r e  d i rec ted 'a t  ass is t ing the 
evaluation of s t r e s s  analysis techniques. 
This was  accomplished through use  of an 
In o r d e r  to ex t rac t  the pertinent s t r e s s  
F o r  establishement of bas ic  data on the s t ruc tura l  cha rac t e r  
In addition to providing 
1 
C .  Photome chanicai Analysis 
1. P r i n c i d e s  
The ma jo r  effort of this project was  on photomechanical model analysis.  
Photomechanics i s  the interaction of light with mechanical behavior. 
i ield of investigation of force induced s ta t ic  e las t ic  s t r e s s e s  employing polarized light 
has long been known as photoelasticity. The m o r e  genera l  t e r m s  of photomechanics 
inc iude s dynamic studies (s t robelasticity), t he rma l  s t r e s s  analysis (photothe r m o  - 
elast ic i ty) ,  and investigation of the  mechanical behavior of viscoelastic s t ruc tu res  
(photoviscoelasticity), to name a few. 
The specific 
The cu r ren t  project involves both conventional photoelasticity (PE) and the 
recently developed field of photothermoelasticity (PTE) .  
f r inge  o r d e r  a r e  l inearly related through the well-known s t r e s s  optic law 
In these  cases  s t r e s s  and 
in which the ma te r i a l  fringe value, f ,  is determined by mechanical calibration of the 
model  mater ia l .  
mined as a function of tempera ture .  
could be the p r e s s u r e  which might be applied to  load the model,  in which case  
F o r  high precision PTE analys is ,  this coefficient mus t  be d e t e r -  
On a boundary, one of the principal s t r e s s e s  
Naturally,  on a f r e e  boundary, p = 0 and 
n = u , t / f  ( 3 )  
2. Use of Technique 
When a model is geometrically scaled f r o m  the prototype, and the mechanical 
p rope r t i e s  (specifically E)  are in the same proportion as in  the prototype, then the 
rat io  of s t r e s s  to loading i s  the same i n  both model  and prototype. 
ing, for  example 
F o r  p r e s s u r e  load- 
2 
e I; 
II 
I 
Since ua - r b  = nf / t ,  and i t  is possible to wr i t e  cra = Kap, ub = Kbp,  ua -ab = 
(Ka  - Kb)p = K,p, then 
K, = nf/pt ( 5 )  
f o r  model studies. 
ing ( p r e s s u r e ,  moment,  temperature),  pertinent data a l s o  appear  in  this r epor t  in  
t e r m s  of the factor  K so that prototype behavior may be deduced directly f r o m  the 
model studies.  
Therefore ,  i n  addition to information on actual  s t r e s s  due to load- 
This  is particularly convenient since sca l e  factors  a r e  not involved. 
3 
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1 . l n t  reduction 
l\c,ndinp and radial  scxc'tion pro 1c.rtic.s wc'rc' dctcrmined the )rc.tically fo r  com-  
Eas ic  to thtzse psi  rison with c~spr.rinic~nta1 mc~;isurc~mcnts iind with the AGC theory. 
d,,t~.riiiinalions is t h l x  hypothesis that thcx nozzle brhaves essent ia l ly  as a s e r i e s  of 
pi riillcl r ings with c.sscnti;tlly n o  axial diffusion of s t r e s s e s  which would tend to warp  
initially plane sections.  
t h c  goals of this project.  
Examination of the validity of that  hypothesis is implici t  in 
2. Bending 
The bending section modulus w a s  determined f r o m  the geometry shown in 
F igu re  1 utilizing the assumption that plan<. c r o s s  sect ions remain  plane. 
quent l inear  s t r a in  variation and s t r e s s  distributions a r e  displayed on the figure.  
For purposes  of analysis  a reference s t r e s s ,  uo, w a s  selected on the bas i s  of a homo- 
geneous c r o s s  section 
The conse- 
ci = 6M/hZ 
0 
T h e  s t r e s s  in  the composite was then computed for  both ex t r eme  f ibers  in t e r m s  of 
uo using the following relations 
Equations 7 and 8 a r e  plotted in Figure 1 as a function of percentage reinforcement ,  
g .  and modulus rat io ,  m. 
One of the m o r e  significant resul ts  is the indication of the relat ive insens i -  
t ix r i ty  of bending s t r e s s e s  to the Y o u n g ' s  modulus ratio.  
would have an average  value of 1. 6 in the range of i n t e re s t  s o  that a representa t ive  
value fo r  u , / u o  would be 0 .  6 ove r  a range of l O < m <  18 with l e s s  than 10 percent  
A s  shown in F igure  I ,  Z , / Z o  
4 
\ , i r ia t ion  over  a wide range of g. 
bcx noted for  the same  range of m. 
A corresponding percentage variation in crz/u0 may 
A representat ive value fo r  Z 2 / Z o  would be 0.4. 
3.  Radial 
Through straightforward application of Lame '  theory f o r  a composite narrow 
ring (R >>t )  the outside f iber  circumferential  s t r e s s  due to p r e s s u r e  may be wri t ten 
However,  when the inner  and outer  radi i  differ significantly, Equation 9 must  be 
modified. 
be included f o r  reasonable accuracy, 
If the simplified f o r m  of Equation 9 is desirable ,  the radius ra t io  should 
where  R ,  and R, a r e  the mean  radii  of the inner  (Region 1)  and outer  (Region 2 )  r ings,  
re spe ctively . 
The prec ise  f o r m  is obviously m o r e  complex involving the radii of the inner  
contour ,  the interface,  and the outer contour of the composite. 
4. Comparisons 
On the basis  of the e l a s t i c  and geometr ic  data  f o r  the prototype and f o r  the 
The models of this investigation, a comparison was  made of the theoret ical  c/co. 
range of data reveal  the models to represent  reasonably wel l  the s t r u c t u r a l  behavior 
of the prototype. 
A comparison of the effective thicknesses f o r  bending and radial  behaviors is 
If E,/E, is chosen as 13 ( fur  the photoelastic mode?) and a value of instructive.  
6 is selected for  t,/t,, then the simplified effective reinforcement  thickness for  the 
radial  behavior would be,  from Equation 10, 
o r  
5 
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From the standpoint of bending rigidity, 
or, af ter  some a lgebra ,  
These two resu l t s  indicate the l a r g e  difference between the effective radial  and 
longitudinal thicknesses  of the reinforced nozzle. 
be expected than the s imple isotropic behavior assumed by AGC in the analysis of 
Reference 1. 
Orthotropic  behavior i s  more  to 
B. ARA Nozzle Analysis 
1. P r e s s u r e  Load 
A highly simplified calculation was  made f o r  comparison with the photoelastic 
The load- observations of p r e s s u r e  induced longitudinal s t r e s s  in the entrance cone. 
ing and geometry are shown in  Figure 2. The theoret ical  value of s t r e s s  at the lo- 
cation shown in the f igure fo r  an assumed p res su re  of 10 psi was  found to be 40 psi  
( K  = u /p  = 4). Through use  of the e las t ic  photomechanical law, n = ut / f ,  the f r inge 
o r d e r  a t  that location was calculated to  be 0. 2 in a bonded polariscope s l ice  1 / 4  in. 
thick. 
2. Thermal  Load 
Thermal  s t r e s s e s  which were induced in  two-dimensional models of the nozzle 
c r o s s  section principally represented the rma l  shock behavior fo r  the duration of load- 
ing. The three-dimensional  (or axisymmetr ic)  s t r e s s  may be found f r o m  the relation 
where  the value of 
t r y  of the s t ruc ture .  
depends upon the shape of the tempera ture  profile and the geome- 
A representat ive value fo r  e a t  an  ea r ly  s tage of thermal  shock on a 2D model 
Actually, would be 0. 8, based on data acquired during numerous P T E  investigations. 
the value of would change from 1 to 0 during a long t rans ien t  on the edge of a 2D 
model and from (1 - u ) - '  to 0 on the surface of a 3D model. 
6 
1 8 .  
i 1 
-I 
I 
The 10 second tempera ture  field in the prototype involves a tempera ture  in 
t h e  o r d e r  of 4000F. 
ins e r t  , 
Using the appropriate values fo r  a ,  E and v f o r  the graphite 
u = 0. 8 x ( 2  x 1 0 - 6 / F ) ( 2  x 106psi)(4000F)/(1 - 0. 25) 
or  m = 16,  000 p s i  (compression at the throat)  
C .  AGC Nozzle Analysis 
1. Summarv 
P r e s s u r e  s t r e s s  analysis of the Algol nozzles was  performed through use of 
a ring type computer p rogram on the s t ee l  reinforcement with and without modifi- 
cations to the meta l  thickness to account f o r  the presence of the r e f r a s i a l  and carbon. 
F u r t h e r m o r e ,  the thickness increase which was  confined to  the inlet cone, was  
selected equal to 
On this bas i s ,  K (computed f r o m  the AGC s t r e s s e s )  w a s  found to be 70  f o r  the unthick- 
ened reinforcement and 60 for the thickened reinforcement.  
Thermal  s t r e s s e s  w e r e  computed at th ree  t r a n s v e r s e  sections of the nozzle 
on the assumption of long cylinder behavior considering interaction between the c a r -  
bon and metal .  
t r a n s f e r .  
45 seconds after s tar tup,  fo r  which t imes  AGC reported peak axial  s t r e s s e s  of 8650 
ps i  and 8500 ps i ,  in the carbon. 
Tempera tures  were  calculated using t ransient  axisymmetr ic  heat 
S t r e s s e s  w e r e  determined for the tempera ture  distribution at 10 and at 
2. Comparison with ARA Theory 
The following table summar izes  the theoretical  ongitudinal nozzle s t r e s s e s  as 
computed by AGC and by ARA 
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P r e s s u r e  (K)  
(Ent rance  cone) 
Temp e ra tu r e " 
d p s i )  
. 
c~~~ 
u~~~ 
AGC (Ref. 1 )  ARA 
70 4 0.  06 
8650 16, ooo~:c:: 
(10 s e c .  af te r  s ta r tup)  1. 9 
+Throat  
:k::Thermal Shock, Any Location 
As may be seen  in the l a s t  column, the highly simplified ARA analysis  p r e -  
dicts  p r e s s u r e  s t r e s s  considerably lower than those predicted by AGC in Reference 
1. On the other  hand, thermal  s t r e s s e s  show the opposite relation. However, these 
l a t t e r  values  per ta in  to different times. 
diffuse (radial ly)  tempera ture  field than those calculated by ARA. 
the interaction with the reinforcement would be small a t  such a short  t ime af te r  
s ta r tup  whereas  the 45 second temperature  field would induce significant s t r e s s e s  in 
the metal .  
manner  as the throat  s t r e s s e s  computed f r o m  these analyses .  
The AGC s t r e s s e s  a r e  re la ted to a more  
In this  la t te r  ca se ,  
Consequently, it  is not possible to re la te  meta l  s t r e s s e s  in the same  
8 
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111. Experimental  Investigation of Two-Dimensional Models 
A .  Mater ia l  P rope r t i e s  
1. EDOXV 
The data on model ma te r i a l  properties w e r e  obtained a t  the start of the investi-  
gation. 
de te rmined  f r o m  a load-deflection test using a dual objective microscope and a pneu- 
mat ic  un iversa l  testing machine both of which w e r e  developed by ARA. A photograph 
of the experimental  a r rangements  for these  measu remen t s  is presented as F igure  3 .  
Young's modulus fo r  the ma te r i a l  used in this p rogram was  determined to be 505, 000 
psi. 
Young's modulus for the Hysol 4290 plastic used in these experiments was 
The ma te r i a l  fringe value at  room t empera tu re  of the Hysol 4290 plastic w a s  
m e a s u r e d  by loading a disk in diametral  compress ion  and recording the fo rces  r e -  
quired to produce integral  fringe orders  at  the center  of the disk. The ma te r i a l  fringe 
value,  f = 53. 0 ps i - in l f r inge ,  was  determined f r o m  the slope of the line fa i red  through 
the data. 
The Young's modulus and mater ia l  fringe value variation with tempera ture  
w e r e  considered using data of accuracy sufficient for  this program.  
obtained on e a r l i e r  ARA work  in photothermoelasticity analysis.  
These data w e r e  
2. Maenesium and Aluminum 
During the course  of this program, the Young's modulus values used w e r e  
10, 500,000 ps i  for  aluminum and 6,500,000 ps i  for  magnesium. 
B. P re l imina ry  Models 
1. Epoxv 
A broad understanding of the s t r e s s  distribution in a composite s t ruc tu re  can 
be obtained f r o m  examination of the s imples t  s t ruc tu re  that can be derived r ea l i s t i -  
cally f r o m  the ac tua l  model. Working f r o m  this p remise  a preliminary two-dimen- 
sional model  of a longitudinal slice thru the Algol  IIB nozzle was  fabricated f r o m  a 
shee t  of photoelastic plastic. This model was  subjected to a uniform moment load 
using the experimental  a r rangement  of F igu re  4. The resulting fringe pa t te rn ,  a s  
viewed in a dark  field polariscope, is shown in F igu re  5a. 
behavior, even in the neighborhood of the nozzle throat.  
and rapidly changing wall thickness in the throa t  region do not appear  to have a l te red  
significantly the genera l  beam charac te r i s t ic  of the s t r e s s  distribution. 
It is typical of beam 
The shallow entrance cone 
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2 .  Epoxy and Magnesium 
The longitudinal section of the Algol LIB preliminary model was  modified to 
r ep resen t  the prototype m o r e  closely by adding a magnesium inse r t  to simulate the 
st iffness of the s t ee l  housing of the prototype nozzle. 
and plastic resulted in a model  with m = 1 3 .  
The combination of magnesium 
The uniform moment  t e s t  was per formed on this model and produced the s t r e s s  
distribution depicted by the fringe patterns i n  F igu re  5b. 
bending stress distribution is evident. 
Once again,  the genera l  
3. EDOXV and Aluminum 
In o r d e r  to examine experimentally the dependence of the s t r e s s  distribution 
on the modulus ratio of the component ma te r i a l s ,  the model was modified again by 
removing the magnesium inse r t  and replacing i t  with an aluminum inse r t .  
modification changed m f r o m  1 3  t o  20. The fringe pattern f o r  this configuration, 
shown in Figure  5c,  was  produced by the  s a m e  uniform moment load used for the 
first two models. 
se rved .  
This 
Hardly any difference f r o m  the pa t te rn  of F igu re  5b may be ob- 
This resu l t  would conform with the prediction of Section IIA. 
4. S t r e s s  Concentration Models 
In this experimental  s t r e s s  analysis on a composite s t ruc tu re  with bonded 
components i t  was  felt  to be of design significance to de te rmine  whether possible 
trouble may resu l t  f r o m  the s t r e s s  concentrations which would be caused by local 
failure of the bond between components. 
saw cuts in the pre l iminary  aluminumjepoxy model  a s  shown in F igu re  6. 
f i r s t  cut,  the model was  subjected to a moment  load, generating the fringe pattern 
shown in F igu re  7a. A second cut was made elongating the s l i t  to  one inch, af ter  
which the model was  re tes ted  under the same  loading condition yielding the fringe 
pattern depicted in F igu re  7b. 
This condition was  investigated by making 
After the 
C. Two -Dimensional Models 
1. Bendine Tes t s  
Based on the confirmation obtained f r o m  the pre l iminary  models  on the r e -  
liability of a composite magnesium/epoxy model,  two -dimensional models  of a longi- 
tudinal section of the Algol IIA and Algol IIB nozzles w e r e  made f r o m  type A Z 3 1 B  
magnesium and Hysol 4290 epoxy. The models  w e r e  subjected to a s e r i e s  of p r e -  
cisely controlled moment loads while i n  a polariscope t o  provide data for  determining 
1 0  
the relation between moment and s t r e s s  throughout the longitudinal sect ions,  and to 
pe rmi t  accura te  correlat ion of theory and experiment.  
The models were  loaded in the experimental  a r rangement  shown i n  F igure  8. 
The supports for  the model in this experiment were  suspended f r o m  pivot points to  
.illow l a t e ra l  motion as it bent under the application of the moment load, thereby p r e -  
venting a spurious loading f rom the model supports.  The loading fo rces  were  gener -  
a ted by dead weights. 
The t e s t s  w e r e  performed with the model placed in a dark  field c i r cu la r  po- 
lar iscope,  illuminated with uniform white light. F r inge  pattern photographs were  
taken through an interference f i l t e r  which t r ansmi t s  a sha rp  band a t  5461 1. 
The f i r s t  s e r i e s  of tes t s  provided sat isfactory s t r e s s  information in the en-  
t rance  and expansion cone regions of the models ,  but the s t r e s s e s  in the throat a r e a  
we re too low to yield accura te  distributions employing the fringe interpolation method. 
This  condition can be seen in the fringe pat terns  depicted in F igu res  9 and 10 which 
w e r e  generated by 55 in-lb moments. 
the models in this a r rangement  i n  order  to  avoid c r e e p  and possible fa i lure  a t  the 
exi t  cone location. 
La rge r  moments  than this were  not applied to 
Since the s t r e s s  distribution in the throat a r e a  produced low fringe o r d e r s ,  
accu ra t e  data were  obtained a t  the inner edge of the model with a Babinet compen- 
sa to r  which permi ts  f r inge o r d e r  measurement  precis ion well  within 1 percent.  
edge s t r e s s  distribution obtained f r o m  the Babinet compensator reading i s  given in 
F igu re  11 for  the Algol IIA model and in F igu re  12 fo r  the Algol IIB model. In o r d e r  
to obtain a higher level of s t r e s s  in the throat  a r e a  without overs t ress ing  the thinner 
a r e a s  of the model, the experimental  a r rangement  was  changed by adding a fitting 
to apply the moment load nea r  the throat section as can be seen in F igure  13. 
The 
Moment loads up to  140 in-lb w e r e  applied with this t e s t  a r rangement  which 
induced fr inge o r d e r s  high enough to revea l  c lear ly  the nature  of the s t r e s s  d i s t r i -  
butions in the throat  a r e a  and the inlet a r e a ,  as can be seen in F igure  14 fo r  the 
Algol IIA model and in F igu re  15 for the Algo! IIB model. 
2. Thermal  Gradient Tes ts  
F o r  convenient application of the the rma l  input to  the two-dimensional models 
of the longitudinal sections of the IIA and IIB, the models w e r e  divided into the four  
regions shown in F igures  16 and 17 for thermal  gradient t e s t s .  Each a r e a  was  tes ted 
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separa te ly  by supporting it uniformly f r o m  below and applying a shaped piece of d r y  
ice  to  the upper sur face  with a 11 16 in. thick piece of silicone rubber  between the ice  
and the plast ic  to reduce the thermal  shock a t  the edge of the plastic.  If the the rma l  
shock w e r e  not diminished in this manner,  the f r inges generated in the plast ic  would 
have been so closely spaced that definition would have been diminished with conse-  
quent loss  in reliabil i ty of the reduced data.  
The fr inge pat tern photographs w e r e  taken a t  1 /2 ,  1 ,  2, 4,  and 6 minutes  a f t e r  
the application of the d ry  ice. 
F igu res  18 through 21 ,  and for the Algol IIB, in F igu res  22 through 25. 
Results fo r  the Algol IIA model a r e  presented as 
Upon completion of the thermal  input t e s t  s e r i e s  in which photoelastic fringe 
pat tern photographs w e r e  taken, the series w a s  re run  to check the t empera tu re  d i s t r i -  
butions, although experience with photothermoelasticity h a s  always revealed excellent 
cor re la t ion  of s t r e s s e s  with temperature  profile data.  
planted i n  the models as  shown in Figures  16 and l i .  
appara tus  used to  m e a s u r e  and record the tempera ture  data  is  presented in  F igu re  
26. 
and the LIB models.  
Thermocouples w e r e  irn- 
A schematic  drawing of the 
The tempera ture  profiles are  shown in  F igure  27 fo r  four  stations on the IIA 
3 .  Local P r e s s u r e  T e s t s  
The influence of reinforcing mater ia l  on the s t r e s s  distributions in  the non- 
metal l ic  components of the nozzle was investigated by local  p r e s s u r e  experiments  
which w e r e  designed specifically to tes t  the longitudinal "smearing" action of the local 
s t r e s s  field by the metal l ic  reinforcement.  
the outer  sur face  rest ing on a rigid support  and a uniform p res su re  w a s  applied 
through a load distributing pad a t  the corresponding section of the inner  sur face .  
Each  model  was  loaded at the entrance section and a t  the throa t  section. 
pa t te rns  result ing f r o m  these t e s t s  appear in F igu re  28  fo r  throat  sect ions and 
Figure  29 for  entrance sections.  
of the f r inges  in the plastic adjacent to the magnesium reinforcement.  
The model w a s  placed with a section of 
The fringe 
There is little evidence of smear ing  o r  s t re tching 
4. Artificial  S t r e s s  Concentration T e s t s  
In  o r d e r  to  determine the influence of cement  fa i lures  in the bonded a r e a s  of 
the in se r t s  of the prototype nozzle ,  small  holes w e r e  dr i l led  in the two-dimensional 
models  as shown in F igu re  3 0 .  It was felt  that  a hole would provide a m o r e  rel iable  
indication of debonding sensit ivity than an  a rb i t r a ry  s l i t  of uncertain cha rac t e r .  
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The models were  loaded to 69 6 in-lb in the tes t  clpparatus shown in F igure  13 
Fr inge  pat tern photographs of the unloaded and loaded model of the Algol IIA a r e  
shown 
iit'sses a t  the entrance and exit cone cemented joints in the prototype would tend to 
propagate in these a r e a s  adjacent to the carbon inse r t  i f  high tensi le  s t r e s s e s  were  
to occur  a t  those locations. 
n F igurc  31 and of the Algol IIB in F igu re  32 There is little doubt that weak- 
One of the most  interesting r e su l t s  is the observation of local s t r e s s e s  in the  
These joints  were  made with plast ic  a t  the magnesium i n s e r t ,  visible in Figure 3 1 .  
epoxy cement ,  although probably of a composition different f rom the cement employed 
on the prototype. The local s t r e s s e s  induced by cementing of epoxy models a r e  a 
well-known effect in photoelasticity. 
s t r e s s e s  cannot always be eliminated. 
prototype fabrication process .  
Even through exerc ise  of ex t reme ca re  these 
There m a y  be significance of this resu l t  to the 
D. Comoarison of Theorv with ExDeriment 
1. Bending 
The theoret ical  relation between s t r e s s  and moment appear  in F igure  3 3  to-  
gether  with the s t r e s s  distribution obtained f r o m  reduction of the fr inge pat tern data 
Considering the rapid changes in section of both the plastic and reinforcement ,  the 
shor tness  of the beams in each section, the more  o r  l e s s  a rb i t r a ry  choice of section 
orientation, and the abrupt  beginning and terminat ion of the reinforcement ,  reasonable 
agreement  is indicated in the entrance cone and throat  regions.  
cor re la t ion  of theory and experiment is evident. 
Downstream excellent 
2. Temperature  
P a s t  experience in photothermoelasticity has  shown consistently excellent 
agreement  of experimental  data with theoret ical  s t r e s s e s  based on tempera ture  d i s t r i -  
butions. 
measurements  and to cor re la te  the data with approximate tempera ture  profiles to 
es tab l i sh  agreement  of s t r e s s  profiles with tempera ture  fields.  
mined photothermoelastically compared favorably with theoret ical  s t r e s s e s  de te r  - 
mined fo r  the thermal  shock portion of the tempera ture  cycle where the tempera ture  
gradient  nea r  the edge usually conforms to an exponential distribution. 
Consequently, i t  was  fel t  necessary only to conduct check tempera ture  
The s t r e s s e s  d e t e r -  
-kx T - T e  
0 
1 3  
Comparisons w e r e  made with the experimental  data by f i r s t  converting the 
photothcrmoelastically measured  s t r e s ses  into tempera tures  with the aid of the thermo-  
couple data ,  a s  shown in F igure  34. 
then compared to an exponential decay in  the thermal  shock region n e a r  the chilled 
edge of the model. 
ample  of F igure  34. 
The shape of that t empera ture  distribution was  
Good agreement  w a s  obtained, as may be seen in the typical ex- 
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IV. Experimental  Investigation of Three-Dimensional Model 
A. Introduction 
Because of the problems of s t r e s s  f reezing a composite epoxy/magnesium 
model,  th ree  -dimensional testing was conducted a t  room tempera ture  utilizing bonded 
polar iscopes in selected locations to revea l  the charac te r  of the s t r e s s  distribution. 
The three  -dimensional photoelastic model was an  accurate  1 /4  sca le  reproduction of 
the prototype Algol IIB using Hysol 4290 epoxy for  the re f ras i l  insulator ,  carbon 
throa t  and f iberglas  filled epoxy wrap. 
duplicated in Type AZ31B magnesium alloy. 
shown in  F igure  3 5 .  
The s t ee l  reinforcement of the prototype was  
A drawing of the photoelastic model is 
Fabricat ion and experimentation on this model consumed the ma jo r  portion of 
the investigation. 
chining, construction and placement of bonded polar iscopes,  finish machining of the 
en t rance  cone and throat  region, reinforcement,  exit  cone, and Plexiglas s leeve;  
cementing of these components; and final finishing of details  for  t e s t  such as at tach-  
ment of p r e s s u r e  l ines.  
The production of the model required coordination of rough ma-  
The details  a r e  discussed in the following sect ions.  
B. Bonded PolariscoDes 
1 .  Design 
Light field c i rcu lar  polariscopes w e r e  chosen for  mechanical and photoelastic 
Mechanically, a light field polariscope can be made f r o m  a pa i r  of single reasons .  
shee ts  of commercial ly  available circularly polarizing plastic.  
scope would require  an ex t ra  piece of plastic with two additional bonding sur faces .  
Photoelastically,  a c i rcu lar  polariscope i s  desirable  because is suppresses  the i so -  
clinic pat tern which i s  superimposed on the isochromatic  pat tern in a plane polar i -  
scope. 
A dark  field polar i -  
The two general  s t ress  fields of most  i n t e re s t  in  a s t ruc ture  of th i s  type a r e  
c i rcumferent ia l  s t r e s s e s  (which can be seen i n  a polariscope embedded i n  the model 
on a plane t r ansve r se  to the central  axis of the nozzle) and bending s t r e s s e s  (which 
a re  revealed in a polariscope embedded para l le l  to the cent ra l  ax is ) .  
polar iscopes a r e  eas i e s t  to embed in the model  because a d i r ec t  l ine of s ight  is 
available through the polariscope for illumination and viewing. 
the line of sight through the longitudinal polariscope is blocked by the metal housing 
of the model.  
so that,  by the use  of supplementary ex terna l  m i r r o r s ,  the fringe pat tern can  be 
observed by looking along the axis  of the model. 
The t r ansve r se  
On the other  hand, 
This requi res  inclusion of m i r r o r e d  sur faces  bonded within t h e  model 
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2. Location 
After studying the data  obtained in the ea r ly  stages of the investigation, and 
following discussions with NASA, i t  w a s  decided to place circumferent ia l  polariscopes 
a t  the  throat  a r e a  of the nozzle and at the expansion end of the metal reinforcement.  
-4 s e r i e s  of longitudinal polariscopes extended the length of the model f r o m  the flange 
a t  t h e  inlet section to two inches beyond the end of the meta l  housing in the expansion 
portion of the nozzle. The polariscope locations a re  depicted in  F igure  36. 
3. Construction 
The bonded polariscopes were  fabricated a s  subassemblies  employing a plate 
1 / 4  inches thick cut f rom the same  plastic material a s  the model ,  and c i r cu la r  polar- 
i z e r  type HNCP-37 cemented to e a c h f a c e  of the plastic plate (F igu re  37). The longi- 
tudinal polariscopes required the addition of another block of plastic cemented to  one 
s ide with a flash s i lve r  reflector a t  4 5 O .  
cemented and cured before insertion into the model.  The rough machined entrance 
and exit  cones w e r e  cut to receive these subassemblies ,  which w e r e  cemented into 
place before finish machining began. 
These subassemblies  (Figure 37) w e r e  
C. Fabricat ion Technique 
In  o r d e r  to obtain the s t r e s s  distribution associated with the basic  shapes of 
the prototype nozzle,  it was  decided to manufacture the nozzle model with a minimum 
number of bonded joints. 
the nozzle were  machined a s  one piece f r o m  a solid block of epoxy. 
To accomplish this objective the inlet  and throat  area of 
F i g u r e s  38 through 41 show this section of the model in s t ages  of completion. 
F igure  38 shows the roughed out block of the section. 
been cut and the polariscope segments have been bonded in place.  
41 display the entrance cone and throat region with a l l  polariscopes in place and 
ready to be cemented into the finished assembly .  
In F igure  39 the section has  
F igures  40 and 
F i g u r e s  42 and 4 3  depict the blanked and finished magnesium housing element  
of the nozzle. 
The blank f r o m  which the expansion cone was  fabricated is depicted in 
F igure  4 3  and a view of the finished cone, including the downstream portion of the 
longitudinal polariscope, appears  in F igure  45. 
A spread  out view of the entire nozzle p r i o r  to the final bonding operation is 
shown i n  F igure  46. F igures  47 and 48 depict the completed nozzle. 
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D. P r e s s u r e  Tcstine 
1 Loading Techniques 
To sirnulati, the p r e s s u r e  loading applied during hydrostatic t e s t  of a proto- 
type nozzle,  the Plexiglas cylinder was fabricated and installed i n  the throat section 
of the model a s  shown in the drawing of the complete model (F igure  35) and in the 
end view of the model (F igu re  48). 
housing to close the inlet end of the nozzle and to simulate the cons t ra in t  imposed by 
the end c losure  of the rocket. 
Plexiglas end plates w e r e  bolted to the magnesium 
The model was  tested with pneumatic p r e s s u r e  as shown in F igu res  49 and 50. 
F igu re  49 depicts the a r rangement  f o r  photographing both c i rcumferent ia l  po lar i -  
s copes ,  and the longitudinal polariscope up to  the throa t  of the model. 
photograph the portion of the longitudinal polariscope which extended beyond the me ta l  
housing into the expansion section of the nozzle, the model was placed in a Halowax/ 
paraffin fluid filled Plexiglas tank. The index of refraction of the fluid was  matched 
to the epoxy. 
due to refraction of light at the surface of the model. 
assembly  appears  in F igure  50. 
In o r d e r  to 
This precaution was necessary  to prevent distortion of a fringe pa t te rn  
The photograph oi the tank 
A fur ther  precaution was taken to avoid accidental  fa i lure  of the model at the 
low strength s i lver  flashed internal m i r r o r  sur face  nea r  the longitudinal bonded 
polariscope. 
mum.  
This was  accomplished by limiting the model p r e s s u r e  to 50 psi  maxi- 
Actually, mos t  of the p re s su re  data were  recorded  at 30 to  40 psi .  
2 .  Data 
Color photographs were  taken of the fringe patterns in the polariscope a t  z e r o  
p r e s s u r e  and a t  a t e s t  p r e s s u r e  of 40 psi. 
by the longitudinal polariscope in the en t rance  section of the nozzle. 
f r inge  o r d e r  is evident i n  the z e r o  p re s su re  photograph which indicates a res idua l  
s t r e s s  generated by the bonding process.  
p r e s s u r e  and was  the highest s t r e s sed  point found in the model. 
F igure  51 depicts the f r inges  revealed 
A low level 
This fringe o r d e r  i nc reased  with the applied 
F igu re  52 shows the circumferential  polariscopes loaded and unloaded. T h e r e  
w e r e  no discernable fringe patterns generated in the tes t .  
longitudinal polariscopes in the throat a r e a .  The photograph taken during the p r e s -  
s u r e  t e s t  revea ls  an increase  in fringe o r d e r  of approximately 0. 1 under a p r e s s u r e  
r i s e  of 40 psi. 
in the expansion section of the nozzle showed no observable inc rease  in the fringe 
o r d e r  as can be seen  in F igu re  54. 
F igu re  53 depicts the 
The t e s t  made to observe the s t r e s s  in the longitudinal polariscope 
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E. Exploratory Thermal  Loading 
In o r d e r  to explore the general  nature of the three-dimensional  t he rma l  s t r e s s  
i ie ld .  Halowax oil w a s  cooled to 50F and was then poured rapidly into the entrance 
cone of the model while i t  w a s  in the upright position shown in F igure  50. 
o r d e r  observed in the model was of the o rde r  of 314 to 1. 
The fr inge 
With the model initially at 72F,  this  provided 22F tempera ture  difference 
which theoretically would have induced a peak circumferent ia l  thermal  s t r e s s  in the 
epoxy of 275 p s i  according to Equation 15 using 
based on past  experience.  
theoret ical  f r inge o rde r  would have been 275 x 1 /4 /55 ,  o r  1 .  25. 
= 112 as a representat ive value 
Since the polariscope thickness was  114 in. , then the 
A more  prec ise  value of Ewould  require  the addition of thermocouples to the 
model to  obtain accura te  temperature  profiles a s  functions of t ime,  followed by 
accura te  the rmoe las t ic  analy s is .  
F. Correlat ion of Theory with Experiment 
The elementary ARA theoretical  s t r e s s  analysis  of Section IIB 1 agreed i n  
o r d e r  of magnitude with the experimental  observations d the three  -dimensional in -  
vestigation. whereas  the AGC theory of Reference 1 over-est imated the s t r e s s e s  by 
a factor  of 18. 
underest imate ,  by AGC, of the longitudinal bending stiffness of the nonmetallic com-  
ponents of the nozzles.  A theoretical  comparison of the bending and radial  p roper t ies  
was  presented in Section IIA4 on the basis  of the elementary ARA theory. 
The implication to  be extracted f r o m  this resu l t  is the large 
In deriving the relation in  Section IIB1 for  the theoret ical  s t r e s s  i n  the nozzle,  
it  was assumed that the outer  periphery ( a t  the attachment to  nozzle flange) was 
clamped. 
a t  a bolted connection. 
with the elementary theory can only be interpreted as agreement  of the observed 2nd 
theoret ical  s t ruc tura l  behaviors.  
significant interpretat ion.  
However, an approach to a completely clamped condition is seldom attained 
The relatively good agreement  of the experimental  resu l t  
The fringe o r d e r s  w e r e  too low to permi t  a m o r e  
18 
V .  Conclusions 
1. The resul ts  of the two-dimensional investigations indicate that a u s e -  
f u l  thvoretical  s t ress  analysis could be made of a meta l  reinforced 
nozzle i f  i t  were  to be considered an orthotropic shell  with radial  and 
circumferent ia l  section properties determined a s  shown in Section IIB 1 
of this report .  
2. The low s t r e s s  ra t ios  which w e r e  found experimentally indicate the 
nozzle may be overdesigned i f  i t  were  to be considered a homogene- 
ous nonmetallic shell  reinforced by a meta l  sleeve.  
cemented connections of components which compr ise  the actual nozzle, 
however,  may change the useful strength considerably.  The cemented 
connections appear to have been made in regions of maximum tension 
s t r e s s  ar is ing f r o m  the internal p r e s s u r e .  
The effect of 
3 .  The AGC theory of Reference 1 appears  to be unduly conservative as 
a means  of estimating the nozzle s t rength as a homogeneous shell. 
F u r t h e r m o r e ,  questionable es t imat ions appear  to have been made of the 
proper  longitudinal bending c r o s s  section propert ies  in  developing 
that theory. 
4 .  The maximum thermal  s t r e s s  in the nozzle, according to the time/ 
tempera ture  data in the AGC theoretical  analysis ,  would have occur-  
r ed  10 seconds a f t e r  ignition as a t h e r m a l  shock. The peak s t r e s s  
a t  that t ime would have been expected to be double the value reported 
theoretically by AGC,  which pertained to 45 seconds a f t e r  ignition. 
5. Residual s t r e s s e s  f r o m  component bonding may initiate problems in 
the prototype where l e s s  control is possible than in  fabrication of the 
scale  models.  
. 
\' I .  R e c om m e n d a t i on s 
1. P r c s s u r e  and tempera ture  loadings should be increased  to obtain 
more  accura te  s t r e s s  data. 
should be removed to represent  m o r e  closely the condition existing 
in the prototype. 
F o r  this purpose the Plexiglas sleeve 
2. Comparison of the experimental  data on the ac tua l  model, using 
model ma te r i a l  properties,  should be made with a m o r e  accura te  
theory. Presumably  this is available in the method described by 
ilson in Reference 2. 
3 .  A study should be conducted of the possibility of uti l izing'a modeling 
procedure which circumvents the laborious and expensive th ree  - 
dimensional method. 
technique fo r  simulating the e l a s t i c  foundation approach to the analy- 
sis of shell  behavior under local bending. 
One possibility appears  to lie in the use  of a 
4. Consideration m a y  be given to a l te rna te  design concepts. 
pose of such a study would be to evolve construction techniques 
which could take full advantage of the strength of the nozzle without 
penalties instituted by weak connections. 
shown in F igu re  55 a s  a schematic representation. 
and orientations of the nonmetallic connections a r e  shown in a man-  
n e r  which emphasizes the minimum in te r fe rence  which they could 
exe r t  upon the bas ic  strength of the nozzle. 
g r a m  of design concept development with such a goal would be a 
worthwhile extension of the s teps  taken in this project.  
The pu r -  
One such possibility is 
The locations 
It i s  felt  that a p ro -  
20 
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